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ABSTRACT 

In a patient with a ^thalassemia intermedia, a mutation 
was identified in the second intron of the human 
^lobin gene. The U^G mutation is located within the 
polypyrimidine tract at position -8 upstream of the Z' 
splice site, in vivo^ this mutation leads to decreased 
levels of the hemoglobin protein. Because of the 
locati n of the mutation and the role of the polypyrimi- 
dine tract In the splicing process, we performed In vitro 
splicing assays on the pre-messenger RNA (pr&- 
mRNA). We found that the splicing efficiency of ttie 
mutant pre-rrjRNA Is reduced compared to the wild type 
and that no cryptic splice sites are activated; Analysis 
f splicing complex formation shows that the U-^G 
mutation affects predominantly the progression of the 
H complex towards tfie pre-spliceosome complex. By 
cross-linking and Immunoprecipitation assays, we 
dhow that the hnRNP C protein interacts more efflclentty 
with the mutant precursor than with the wild-type. This 
stronger Interaction could play a role, directly or 
indirectly, in the decreased splicing efficiency. 



IfsiTRODUCnON 

Splicing of pre-mRNA introns occur within a nuiiricomponent 
comple}^ termfid the spliceosome, w^ch containj the UU 
U4/U6 and U5 smalt nuclear rilxjnucleopioteins (snRNPs) and a 
large nuint)er of non-snRNP protein factors ( 1-6), The accuracy of 
the splicing process involves the recognition of short conserved 
sequences within Che pre-messenger RNA that delimit the 
exon/incron boundaries- These sequences include the 5' splice site 
and thiee associated elements at the 3' end, including the branch 
point sequence, the pyrimidine-rich tract and the V splice site. 



Genetic disorders, in which naturally occurring nuitarions affea 
dke splicing process, have been a powerful cool f(» studying the 
functional role of c^-acting sequences on splicing (7). Recently, 
101 cases of splicing mutations that lead to genetic diseases have 
been reported (8). Frequently^ these mutations inactivate the 
coitect splice sites and unmask cryptic sites, which arc then 
simultaneously or even exclusively used, giving hse to abnormal 
messenger RNA. Most of these mutations involve the invariant 
dinucleotides S'-^U and 3'-AG- However, mutations that occur in 
proximity Co these invariant nucleotides also dramatically alter the 
splicing process. Only a few naturally occurring mutations have 
been described in the polypyrixnidine tract One is a C-Kj 
transversion at position -13 upstream of the 3' splice site of the 
third exon of ^e steroid ^l-hydroxylase gene; this mutation 
results in the activation of several cryptic sites (9). Two mutations 
found in the second intron of the ^globin gene lead to'a tnild 
P-ihalassemia. The first is a C->G transversion ai position -7 
upstream of the Y splice site, but no functional smdy has been 
done (10). The second, described by one of us, is a U->G 
transversion at position -8 upstream of the 3' splice site (11). The 
phenotypes iiuluced by diese mutations are as expected. 

Numerous smdies have shown that the pyiimidine tract plays 
an essential role in the splicing process. It acts at an early stage of 
spliceosome assembly and it is 'required for the first step of the 
catalytic process ( 12). The length of die pyrimidine tract and its 
composition are imponant in 3' splice site recognition (12-14): 
[Depending on the position, substimtions of uracil residues witiiin 
the pyrimidine tract by purines can dramatically alter die splicing 
process (15). In addition, the polypyrimidine tract was suggested 
Co play a role in alternative splicing (16-20). The function of the 
pyrimidine tract in the splicing process is mediated through 
sequential interactions with several proteins which include U2AF 
(21,22), IBP (23,24), PTB (13) and die hnRNP C proteins 
(28-31). U2AF is the major component found in the first 
pre-splicing E complex, and it is required for the U2 snRNP 
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branch point interaction (32,33). PTB was suggested to play a 
role in U2 snRNP branch site recognition (13). However, recent 
experiments seem lo Indicate diat PTB is not an essential splicing 
factor (34). Inamunodepleuon experiments show thai hnRNP Cl 
and C2 are in^wrtani for splicing, but more recent studies suggest 
that direct binding of hnRNP C proteins to pre-mRNA may not 
be required for the splicing process (28,29.15). 

In this paper, we analyze the first natural mutation isolated in 
the polypyrimidine tract. It is a transvcrsion, T^G, located in the 
second inrron of the ^-globin gene at position -8 upstream of the 
3' splice site (+843 of IVS 2).This defect was detectedin apatiem 
affected by a thalassemia inteiincdia with mild anaemia [Hb : 
9g/dl; (11)], We demonstrate by in vitro splicing assays that the 
U->G mutation decreases the splicing efficiency of the pre- 
mRNA compared to the wild-type; this decrease is correlated 
with a reduction of spliceosome formation and that hnRNP C 
interacts more stiongiy with the mutated sequence than with the 
wild-type RNA. 

MATERIALS AND METHODS 

Plasmid constructions 

The Klenow-mied Accl (+292)-AccI (+2088) fragment of the 
|3-globin gene was cloned into the Smal site of an M13-derivative 
plasmid called MICE 11. which contains aT7 late promoter. The 
Acch^ccl fragment is 1800 nucleotides (nt) long and contains 
211 nt of exon 2, the whole of boron 2 (850 nt) and exon 3 (127 
nl), and 600 nt of the 3' pan of the p-globin gene. To consouct the 
plasmid which contains a fragment of the P-globin gene with a 
shorter intron 2, the fi-globin gene fragment in the MICE 11 
plasmid was digested with Xbal and Ecc^RI: this fragment (1100 
bp) was then digested by Rsiil and Sspl, and the fragments of 
Xbal-Rsal (297 bp) and of Ssph-EcoBI (220 bp) were insetted 
into the PGEM 4Z vector (Fig. I). The shorter construction 
obtained contains 211 nt of exon 2, an intron of 257 nt and 49 ni 
of exon 3. 

RNA transcription and spUdng 

Template DNA was cleaved with EcoRI, whose site is located 49 
nt from the 5' end of exon 3, and transcribed with T7 RNA 
polymerase in the presence of [a-'^'^FWI?. The splicing reactions 
were incubated at 30*^0 in a 25 [i\ reaction mixUire containing 
0.01 pmol 3^P-labeled pre-mRNA (2.13 x 10^ cp.mipmol). 60 
niM KCl, 1 mM MgClj, 20 mM creatine phosphate^ 0.5 mM ATP, 
3% Polyvinyl Alcd»l (PVA), 0.85 U RNasin and 60% (v/v) 
nuclear extract (7). HeLa cell nuclear extract was prepared as 
described (35.36). Splicing reactions were stopped by adding 20 \ig 
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of proteinase K, and incubating for 30 min at 30*C. RNA was 
pbenol-chloroform extracted and eihanol precipitated. The 
splicing products were separated on a 7% polyflciylamide-7 M 
urea gel. Splicing complexes were separated by dectrophotesis 
on a 4% non-denaniring polyacrylamide gel (37). (Juanuficatton 
was done with a PhosphorXmager (Molecular Dynamics). The 
splicing efficiency was deiermined as the ratio of mKNA over 
mRNA plus precursor RNA, A correction ftictor of 6,25 for the 
large transcript and 2.43 for the short one was used for the ipRNA 
to take into account die loss of radioactiviiy after the loss of tht 
lariat, Tbgi precursor corresponds to die amount of radioactivity 
that remains after incubation in splicing conditions. 

UV cross-bunking 

^globin pre-mRNA (0.07 pmol) uniformly labeled with 
[Op^^IUTP and [a-^^?]CY? (3.93 x cp^mTpmol) was 
incubated under splicing conditions without PVA, Ten jil of the 
reaction mixtoire was then transferred to a microuter plare on ice 
and irradiated with UV light (254 run wavelength, 3 mW/cm^) in 
a Stratalinker (Stratagene) for 15 min. For the competition assays, 
unlabeled pre-mRNA (2-10-fold molar excess over uniformly 
labeled RNA) was pre-incubaicd with nuclear extracts under 
splicing conditions for 10 min. Labeled pie-mRNA was then 
added and the incubation was continued for either 10 or 20 min. 
After irradiation, RNase A was added to final concentration of 
1 ^g/^tl and the samples were mcubaicd at 30*0 for 20 min. After 
addition of SDS-PAGE loading buffer, the samples were boiled 
for 3 min and loaded on 12,5% SDS-polyacrylamide gels (38). 
3^-Labeled cross-linked proteins were detected by autoradio- 
grs^hy and quantified with a Phosphorlmager. The percentage of 
buiding was expressed as a ratio of die amount of radioactivity of 
the cross-linked protein over die total radioactivity on each lane. 

Immunoprecipitation 

4F4 antibodies (1 |ll) was added to 2.5 mg of Protein A Sepharose 
(Pharmacia), which was pre-swollen in 500 \}1 NET-2 buffer (10 
mMTrifr-HapH7.5, 150 mMNaQ. 0.05% NP-40) and allowed 
to react for 1 h at 4'*C. After three washes with 1 ml of NET-2 
buffer, 10 Ml of cross-linked sample, incubated under spUcing 
conditions (without ATP and PVA) and digested with RNase A, 
was added to 500 pi of NET-2 buffer containing the antibody 
bound to Protein A Sepharose. Incubation was with gentle stirring 
for I h at 4°C The beads were washed three times with NET-2 
buffer and the bound material was cluied from die agarose beads 
widi the SDS-PAGE loading buffer. The samples were boiled for 
3 min at 95** C and loaded on a 10% SDS-polyacrylamide gels. 

RESULTS 

The U-^G mutation In the pdypyrinwdine tract 
reduces in vitro splicing efiKdency 

Based on the health of the patient and the fact diai she could 
produce haemoglobin only with the P-globin allele containing the 
mutation in position -8 upstream of the acceptor site (the other 
allele being unproductive for P-globin protein), some, normal 
splicing was expected To investigate die mechanism by which 
the mutation interferes with the splicing process, w vino splicing 
experiments using HcLa cell nuclear extracts were performed. 
The wUd-type and die mutant pxecorsors contain 211 nt of exon 
2, the whole of intron 2 (850 nt) and 49 nt of exon 3 (Fig. 1). 
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Figure 2. The U-<Kj muiaaon in the pyrimidine aact decreases splicing 
efficiency. (A) /n vitro $plicing rencdon of the wild-type and mucani 
cranscnpcs (1 100 oc). Times of reaction are indicated ia minutes above each 
lane. Schematic icpre^encaiions oF che intennediates and products btc 
shown. (B) Quaanfication of d\e in vinv spttcing reacdon. The splicing 
efficiency is expressed US dte ratio of mRNA over mRNA plus pre-mF^A as 
described in Maicdals and Methods and plotted as a function of dmc 



Figure 2A shows that ihc mutant precursor generates a reduced 
amount of both spiicmg intennediates and final products. The 
mutation affected predominantly the first step of the splicing 
jTOcess. The second step did not seem lo be blocked as judged by 



FigizA 3. In vinv splicing reacdon of the shoner wikl-cype and mucani 
cranscripis (517 nt). Splicing was for die dmes indfcaicd. 

the amount of che released fuaal products (the inteimediate 
lariat/final laiiac ratio was the same for both precursors). No 
abnormal intennediates or products were detected, indicating that 
no crypdc sites were activated by die mutatiozi. Quandtadve data 
show dial the splicing efficiency for the mutant precursor is 
between 2-3-fold lower reladve to the wild-type (Rg. 2B). 

The U— >G mutation affects an early stage of 
spliceosome assembly 

The ability of the mutant precursor to support spliceosome 
assembly was analyzied Due to the large size ofthe transcript (1100 
nt) and mainly the innon which is 850 nc long, the pre-splioeosome 
(A) and the spliceosome (B) could not be well resolved on a gel 
(data not shown). Glycerol gradients also did not separate ihe A and 
B 5plicing complexes (data not shown), lb circumvent this 
problem, new constructs were made in vAnch the length of the 
intron was reduced to 257 nt. The new versions of the wild-type 
and mutant precur^s were 517 nt long. Figure 3 shows that 
decreasing the lengdi of the intronic sequence does not suppress the 
muiadon's effect. As was seen for die large precursors, both the 
intermediaxes and final products were reduced in die shon murani 
transcript compared to the wild-type. Splicing complex formation 
is shown in Figure 4A. Both the jwe-spliceosome and spliceosome 
were formed with the rautani pre-raRNA. However, the assembl^l 
A and B complexes on the mutant oranscript were 50% lower dian 
those of Che wQd-type. These data were in agreement with the 
reduction level of spliced products. In summary, the results showed 
that the mutation in the pyrimidine traa induced a quandtadve 
defect in splicing complex assembly. 
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pigofe 4. Effect of flic U-*G mutation on spliceosomc assembly. (A) Time 
course of complex foimadon on the wild-type ajid muiani prc-mRNAs (short 
pxttcuxron). Spticing rcactioiw were incubated under splicing conditioiis for the 
tintes indicated, titaied widj heparin {2 mg/ml) and loaded onto noa-denaturing 
polyaciylwnide gcte, H, non specific complex: A, prt-spliccosame and B, 
spliccosome. (B) The U-*0 tnuiarion affecu the A complex assembly- The 
bands coiic^xjiwfing to H. A, 0 complex were quantified. The ratios H/A 
com(^6xcs and B/A complexes were cdculawtl at the differeni limes of die 
Idoetic. 



To detennine which step of spliceosome assembly was affected, 
we measured the B/A complex raiio and the H/A complex ratio for 
each precuKSor. Tbc B/A cotnplex ratio as a function of time is 
shown in Figure 4B . The curves correspotiding to the mutant and 
to the wild type were identical suggesting that the progression of 
A to B complex was not affected by the mutation. In contrast, the 
ratio H/A showed a 2-fold decrease for the mutant compared to 
that of the wUd-type pitcursor. From tixcse results, we conclud«i 
that the U->G mutation m the pyrimidine tract affected prcdomi- 
nantiy the progression of the H complex towards the pre-spliceo- 
some (A) complex. 

A protein of 40 kDa interacts nnorc effidenUy with the 
mutant precursor than with tlie wild-type 

The results presented above suggested that the splicing of the 
mutant precursor was affected at an early step in spliceosome 
assembly. As the mutation in the pyrimidine tract could affect the 
binding of some proteins known to be required for the splicing 
process, we analysed the RNA-protein interactions by UV 
cross-linking. Reproducibly. we observed that one protein of -40 
kDa. inteiacred more efficiently with the mutant RNA than with 
the wild-type RNA (Fig. 5 A). The binding of the 40 kDa protem 
yvds observed bodi in the presence or in the absence of ATP, which 
suggested that the 40 kDa protein interacted early in the splicing 
process. To further explore for difference of interaction, 
competition assays were performed. Unlabeled competitor pre- 
mRNAs (wild-type and mutant) were incubated with 5% v/v 
HeLa cell nuclear extract under splicing conditions for 10 and 20 
min prior to the addition of labeled wild-type pre-mRNA. The 
cross-linking of the 40 kDa protein to tixe ^ Vlabeled wild-type 
precursor was efficiendy reduced in ihe presence of the two 
competitors (Fig. 5B). However, the mutant precursor seemed to 
be a better competitor than the wild- type. In the presence of a 
10-fold molar excess of unlabeled wild-type precursor, the level 
of the protein bound to the wild-type RNA was reduced to 50% 
while it was 80% reduced when the same molar excess of the 
mutant competitor was added (Fig. 5Q. The reverse experiment 
with labeled mutant pre-mRNA gave the same result (data not 
shown). In addition, competition experiments performed with a 
small RNA molecule covering the 3' intronic region gave the 
same results (data not shown). These results confirmed thar the 40 
kDa protein interacted more strongly with the mutant precursor 
than with the wild-type. 

The 40 kDa protein is hnRNP C 

Among the numerous proteins known to interact with the 
pyrimidine tract, hnRNP C seemed to be the bcsi candidate. It has 
a molecular weight of 40 kDa_ To test this possibility, splicing 
reactions were submitted to UV cross-linking and then immuno- 
precipitated using monoclonal antibodies 4F4 against hnRNP C 
(CI and G2) proteins. Indeed, the 40 kDa protein was efficiendy 
selected by the antibodies directed against hnRNP CI and C2 
(Fig. 6A). Reproducibly, we noticed that the level of the C protein 
selected by ihe antibodies was higher with the mutant than with 
the wild-type precursor. Immunoprecipitation after competition 
experiments witii die antibodies against hnRNP C confirmed 
rfiese results (Fig. 6B). By adding a 4-fold molar excess of 
wild-type competiror RNA. the hnRNP C protein bound to the 
wild-type transcript was almost unaffected. In contrast, the 
interaction of the hnRNP C was strongly reduced by adding the 
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Figure 5. A prgicin of 40 kDa interacts more strongty wuji (he mutant 
ptt'ioRSA. (A) Cross^linkidg of duclear proteins to mutant and wild-type 
prc-mRNAj. ^ip labeled pre-mJtNAs were incubated in H«La cell nuclear 
extract and inradiaied at 254 nm with UV ligjiL Cross-bnkod products were 
resolved by SD5-^AG£. Tlme^ of incubadon under jpUcing conditions are 
indicated, in minutes, above each lane. The arrow points to the 40 kDa protein. 
(B) Cro&s-linking of nuclear proteins to the labeled wild-type prc-mftNA in tlie 
piescncc of unlabcted conipedtoT RNA»- Level of unlabeled competitor 
pre-mRNAs is indicated. (Q Quamificacioa of the data shown in (fi) was 
performed after 10 nun of incubaoon urider spUcing condiuon. ^-RNA 
cross-Unking efficiencies were plotted against the molar excess of unlabeled 
competitor RNA. The pcmntB^e of ioterBcdon was calculated relative to the 
incerwdon of the labeled precursor in d)e absence of compedtor which was 
considered as 100%. 



same molar excess of mutant RNA competitor (60%, data not 
shown). From these results, we concluded chat the mutation 
affected either direcdy or indirccdy the interaction of the hnRNP 
C protein with the polypyrimidinc tract. 

DISCUSSION 

In this paper, we have analysed a natural mutation within the 
polypyrimidine tract of intron 2 of human 0-globin pre-mRNA 
(11). This muiadon i$ a traiversion at position --8 upscreaui 



of the 3' splice site. In vivo, this mutation coupled with a 
frameshift ntiutation on tiie other allele results in a mild 
thalassemia phenotype, suggesting that noimally spliced ^-globin 
mRN A is produced but at reduced level The results we obtained 
in vitro are consistent with the in vivo observations. The mutant 
transqript shows a 2-fold decrease of spliced mRNA compared to 
the wild-type iransciipL As the level of the globin mRNA in the 
patient's red blood cell precursors cannot be measured, a strict 
correlation between the in vivo and in vitro situation Is difficult to 
establish. However, considering the hematologic features of the 
patient, one can assume that the low sphcing defect observed in 
vitro is relevant to physiologic sphcing. 

PolTpyrimidine tract and splicing pit)cess 

The pyximidine tract was shown to be essential for prc-mRNA 
splicing. In classical intions in which the pyrimidine tract is short, 
replacement of pyriirudine residues by purines eiti^ downstream 
of tbs branch site or q^sneam of the 3' splice site blocks the 
splicing process piior to the first catalytic step (12). Recendy, 
Rosdgno et al (IS) reported an extensive mucdtional analysis 
within the pyrimidinfi tract. Ihey showed that all the mutations that 
affect [he splicing efficiency also prevent the fonnarion of the A 
pre-splidng complex. The inhihition of the splicing process 
depends on both the position and Che natute of the substitution 
within the pyrimidine trao. At a given position adenosine and 
guanosine residues aie not equivalent; substitutions of pyrimidines 
by guaiu>sine residues have a more dramatic effect on pre*mRNA 
splicing than substitutions by adenosine residues. 

The results we obtained extend these snidies by showing tiiat a 
single point mutation within the pyrimidine tract interferes 
predominantiy with the first step of die splicing process and mainly 
affects A complex formation- Tbese data are consistent with 
previous worlc, showing tliat die polypyrimidine ttaci is involved 
at an early stage of the splicing process and thai it is important for 
y splice site cleavage and lariat farmation (39). The mechanism 
by which the mutation acts negatively on the splicing process 
remains obscure. The decision for a pre-mRNA to enter into the 
spiidng cycle is taken very early in the stepwise assembly pathway, 
and it has been suggested to occur at the level of Che first 
pre-splicing E complex (40.41). The pyrimidine tract was shown 
to be involved in that step because substitution cf the pyrimidine 
tract by an unrelated sequence prevents E complex formation (40). 
This suggests chat the mutation perturbs the interaction of some 
proteins required to engage the pre-mRNA within the E complex. 
However, we cannot exclude the possibihty that the mutadon 
affects a later stage in the assembly padiway, sudb as the U2snRNP 
interaction ai the branch site. 

Polypydmidine tract and protein interaction 

Numerous proteins are known to interact with the polypyrimidine 
tract. Among diem are hnRNPs (13.25-31). From earlier reports 
it was thought that hnRNPs were simply abundant proteins 
associated with nascent transcripts and as such played no role in 
RNA processing. Several smdies argue against this simple idea. 
It has been shown that pre-mRN As interact with different subsets 
of hnRNP, suggesting diat these proteins could be involved in the 
splicing process [see discussion in (42)]. In agreemem with this 
observation, it has been proposed that hnRNP I (PTB) plays a 
negative role for some alternative splicing events (43,44). 
Moreover, hnRNP Al was shown recently to be impUcated botii 
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aatibodies diiected against the C protein blocked 5' site cleavage 
and prevented splicing complex fotmation (28). A fimher 
argtimenc was indicated by the presence of the C (Koseui in [he 
pre-splicing E complex (47), However, by analysing several 
mutations within the pyrimidine tract of adenovirus 2 intron, 
Roscigno et al (15) conclude ihac the direct binding of the C 
protein on pre-mRNA is not involved in the splicing process. 
Their observations arc not necessarily contradictory with our 
results. Among all the mutacions they investigated, none was a 
single point mutation U-^ at position upsneam of the 3' splice 
site. Furthermore, mutations introduced at different positions 
within Che pyrimidine tract might not necessarily aSTecc the saiiie 
step of spliceosomal assembly. One could suggest that each proiein 
known to bind co the pyrimidine tract intefacis differently 
dcpt^nding on the position of the nucleotide that is mocated. 

Whether the mutauon smdied here affects direcdy or indirectly 
the binding of the C protein remains an open quesdon. In fact, 
experiments using ribonucleotide homopolymers have shown 
tfiat the C proteins have a high affinity for poly(U), and they do 
not bind to poly(A), poly(C) or poly (G), except at low salt 
concentration for the latter (29). However, in a recent study 
Samuels et ai (48) repon that the Sxl protein, which binds to 
pyrimidine tracts, has a higher affinity for a poly(U7) in which an 
A residue was added to ihe 5' end than for poly(U7) itself or the 
major late transcript of adenovirus (PIP4Wt). One possibility 
would be that the replacement of the U residue at position -8 by 
a Q modifies the interaction of the C protein m die 3' incronic 
region of the mutant transcript. The other possibility would be 
that the mutadon leads to a decrease in the interaction of another 
protein that binds to the pyrimidine tract allowing, by an indirect 
cfFeci, the fixation of the C protein on the mutant precursor. One 
candidate could be the splicing factor U2AF whose interaction 
with the pyrimidine tract is required for E complex formation and 
subsequent steps of spliceosomc assembly (47). Experiments are 
in progress to distinguish between these possibilities. 

ACKNOWLEDGEMENTS 



Figure d. IdcntiticanQa of ihe 40 kD& pmtem. (A) Immvnoprecipitaiion with 
?he 4F4 tiQOftoclonal andbddies. 32p-iabcl«l pnscurtms were incubated in 
spliciog conditions for the indicated dzn6S. (hen UV imtdiaiEd. After RNase 
(he cro3»-lin)ced prMeins were mimunQpredpita(ed with the 4F4 
monoclonal antibodies and 'aaalyzed by S1>S^AGE. (B) Inununoprecipitation 
assays of Che hnRNP C protein wiih unlabetod compedtor RNAs. The labeled 
wUd-iype pre-mRNA was tncubated in splicing condidons for 10 min with 
increasing amounu of unlAbekd wild-cype or muiant transcripu. Ixnmunopieci- 
piution experiments were in the ^ame condidons as in (A). 



We are grateful to P. Durosay for preparing nuclear extracts. We 
thank S, Pinol-Roma and G. Dreyfuss for the gift of hnRNP C 
antibodies. We thank the members of our laboratory for helpful 
discussion and reading of die luaniiscripL We .thank iC Tanner for 
critical reading of the manuscript, ES. was supported by the 
Ministre de la Recherche. This woric was supported by CNRS, 
INSERM (grant no. 881002), Association Franaise conrre les 
Myopathies, Association pour la Recherche sur le Cancer and 
Ligue Nationale contre ie Cancer. 



REFERENCES 



in wo and in vitro in the regulation of 5' splice site choice 
(45,46). Using UV cross-linking experiments, we show that 
hnRNP C interacts more eflScienUy widi die mutant pr^mRNA 
than with die wild-type. The difference in the binding level 
between the mutant and \bc wild-type precursors is low. However, 
in light of the splicing and complex assembly experiments, we did 
not anticipate a huge difference. The role of the C protein in the 
splicing process is unclear. Evidence for the importance of die C 
protein in RNA splicing came from earlier studies showing that 



1 Green, M.R. (1991) Amul Hev. Cetl Biol, 7. 55W99. 

2 Brody, and Abeteon. J. (1985) 5ciW# 228, 963-967. 

3 Grabowski, PJ-, Seiler, S., Shaip. P. A. (1985) C^U 42, 345-353. 

4 ftcndcwcy.D.ttnd Keller, W. (1985) 42, 355-367. 

5 Padgeu, RA.; Ofatiowski. PJ.. Kon^ka, M.M-. Scilcr, S. and Sharp, ?A- 
(1986) AnnH. R€v. Biochtm,, 55. 1119-1150. 

6 Moore, M.» Query, C.C. and Shmp. RA. (1993) In Ce*icland. KF. aftd 
Atkini, J.F. (eds), The RNA W>rie^ Cold Spring Harbor Ubonsory Press. 
Plain view. New York, pp. 309-357, 

7 Kitdncr, AJL. Mamatis, T., Ruskin, B. find Green, M.R. (1 984) Cell ^ 
993-1005. 

8 Krawczak, M.» Reiss, J. and Cooper, D.N. (1992) Hwn, Qwnmt, 90, 41-54. 



•'7>DEC. 2001 15:20 4^1937.5466630 



9 Higashi, T^Aae. Izwue, H., Hiramasa, T. Aod Fu 
(1988) Proc. Natl Aca/L ScL USA, 85* 7486-7490. 

10 NCumi, S., Loudianos, G., t)ciBna, M., Caxnsschella, C, Scian^na. G.V, 
Agc»sti. S.. Parodi, Mi , Cenuti. E, Cao, A. and Piia&cu^ M_ (l99l) Blood 
74. 1342-1347. 

U Beldjoid, LapoumerouUe, C, Pagnier. 1^ Benabadji, KrUhna- 
nuxMihy, R., Ubie, O. and Bank* A. (1988) NvcUic Acids Res.^ 16» 
4927-4935. 

12 R<«d,R. (1989) CtfnejZ>ffn. 3. 2113-2123. 

13 Gaxcia-DIanco, M.A^ Jamison. SJF. and Sharp. RA. (1989) Gtihes Bev., 3, 
1874-1886. 

14 Frtyftf, a A.. O'Brien. J. R and Hufwitt, J. (1989) /. BioL CherrL, 2«4. 
14631-14637. 

15 Roscigno, KJP,, Weiiief, M. and Crania-Bianco. M.A. (1993) / BipL 
C*«n.. 268, 11222-11229. 

16 Fu. X.. Ge, H. and Maotey. JJ- (1988) EMBO /. 7. 809^-817 

1 7 (Joux-PcUctan, M., Ubri, D., d' Awt>cntQo-Carafa. Y,. Fiszman, M- Brody, 

and Marie. J. (1990) EMBO 1, 9, 241-349. 

18 Mtdlai,MP.,$miih.C.Wj., Patmn, J.G.andNadal-GiiunkB. (1991) 
C#n^j £>ffH. 5. 642-655, 

19 Ubri. D., Bahray, L. and Fi&zman, M.Y. (1992) MoL Cell BioL, 12. 
3204-3215. 

20 Guo, W. and Hclftnan, DM, (1993) NucUic Acids 21, 4762-4768. 

21 Ruskio, B.. Zamot^ RD. and Green. MR. (1988) CeU S2, 207-219. 

22 Zanions, P,D„ Paiioo» XG. and Cwi, M-R. (1992) Wbruw 355, 609-614. 

23 Tazi, J.. Alibert. Tenuamani, J., Reveillaud, I., Cadula, BTuneL C 
and J«m«w; R (1986) C*// 47, 755-766. 

24 Gerke,V. and Stcitz,JjV. (1986) CffZi 47, 973-^84. 

25 Wang. J, and Pedereon. T. (1990) t^ucUic Acids. Rts„ 18, 5995-6001 . 

26 Ca, A., Sharp. P. A., Jami&On, SF. and Gaicia-Blanco, MA. (1991) Genes 
DevL^S, 1224-1236. 

27 Paoon, J.G., Mayer, SJi„ Teinpst. R and Nadal-Ginazd, B. (1 991) Genes 
DevL^S, 1237-1251. 



NO. 0738 P. 8/14 



Nucleic Acids ResearcK 1995, Vol 23, No. 17 342S 

28 Chm, YJD., Giabowsky, PJ., Sharp, P.A. and Dieyfuaa,. G, (1986) .Science 
231; 1534-1539. 

29 S*tason, MS. and DrcyfuM. G. (1988) AfoL Ceil BioL, $, 2237-2241. 

30 Swanaon, M.S. and Dceyfliss. G. (1988) EMBO 7, 3519-3529. 
3r Mayrand,S.ILa»dPeder5on,T.(l990)A^iid*tt:Aadj^«i,l8, 

3307-3318. . ~ 

32 Bennen,M.Mk:ha^S.,Kmesion^J. and Rflcd,R. (1992) GsndiDnr^^ 
l9B6-200a 

33 VGchaud. S. and Reed, R. (1993) Cenes 7, lOOS-lCOa 

34 PatBm,J.G.»Poim,EJa^Oalceran.;., Temper P. and NBdal-GinBnl,B. 
(1993) Oenes Dev., 7, 393-406. 

35 Dignam, JI>^ Lebovitz, R.R. and Roeder, R.G. (1983) Nucleic Acids Res., 
U, 1475-1489. 

36 Abmayr, S. M., Reed, R. and Maniads, T. (1988) Ptdc. NaiL Acad. ScL 
^£4, 85, 7216-7220. 

37 Konaiska, MM. and Shozp, Pj\. (1966) Cell 46, 845-855. 

38 UcnunU. UJC (1970) Satuns 227, 680-685. 

39 Rxiskin. B. and Gfi!cn,M.R. (1985) A^<»n*f» 317. 732-734. 

40 Iwlichaud, S. and Reed, R. (1991) Genes Dev., S, 2534-2546. , ' 

4^1 Jamison, S J. and Gaicia-Blanpo, M.A. (1992) Proc, Mni Acad. ScL USA, 
S9,54fl2s5486. 

42 Bcnncn,M.,Pinol-Roma,S^Staknis,D.,I>r«yfuM»G.aiklRccd,R. 
(1992) MoL CtlL BloL. 12» 3165-3175. 

43 Mulli^ G Guo, W., WQimaley, S. and Heifinao, DM. (1992) J. BioL 
CTwm., 2^. 25480-25487. 

44 Nort9n,P.A.(l994)ArMc/tficAcjy;f i?«r.,22;3854-3860. 

45 Mayeda.A^HeIftnan,DJ^.andKjamcr. AJl.(1993)MoiL^&^ 
2993-3001. 

46 Caceres»JJ^StaninvS.,Hclfrian,DJ^,aiK!Kfl^ 
26S, 1706-1709. 

47 Sialcnis, D. and Rncd,R. (1994) Afo6C«i(£^L, 14,2994-3005. 

48 iSamiieU,M£,BQp9,D.,Ctolvm.RA..Roscigno.RJ^Garda-BlaM 
M.A. and Schedl R (1994) MoL Ceil BioL. 14, 4975-4990 



